T . The nodD and nifH genes of strains PAC48
T and PAC68 T were phylogenetically divergent from those of bradyrhizobia species that nodulate soybean. Soybean was not nodulated by the novel Pachyrhizus isolates. Based on the genotypic and phenotypic data obtained in this study, the new strains represent two novel species for which the names Bradyrhizobium pachyrhizi sp. nov. The genus Pachyrhizus Rich. Ex DC. (Fabaceae, Papillionoideae, tribe Phaseoleae) includes five species native to Central America and Northern and Central South America (Sørensen, 1988) . This tuberous root-producing legume may be considered as an alternative crop for the sustainable production of starch, oil and protein due to its ability to establish effective nitrogen-fixing symbiosis with rhizobia (Fuentes et al., 2002; Leidi et al., 2003) . The symbiotic association between Pachyrhizus and members of the genus Bradyrhizobium has been previously reported, showing that this legume can be nodulated by strains phylogenetically divergent from the currently recognized species of genus Bradyrhizobium (Rodríguez-Navarro et al., 2004) .
In this study, we analysed several strains that were isolated from effective nodules of Pachyrhizus erosus and established that they belonged to two novel species of the genus Bradyrhizobium.
Strains PAC48
T and PAC68 T , designated as the type strains of the two new species proposed in this study, were obtained in a previous study from effective nodules of P. erosus in Costa Rica and Honduras, respectively (Rodríguez-Navarro et al., 2004) . In the present study, four additional strains isolated in Honduras, PAC51, PAC568, PAC683 and PAC684, were isolated from nodules of the same legume as previously described by Rodríguez-Navarro et al. (2004) on yeast mannitol agar (YMA) plates that were incubated for 4 days at 28 uC (Vincent, 1970) . All strains showed a slow growth rate and formed mucoid Bradyrhizobium-like colonies.
The nearly complete 16S rRNA gene sequences were obtained according to the method previously described by Rivas et al. (2007) . Partial sequences of atpD and glnII genes were obtained using the primers described by Gaunt et al. (2001) and Vinuesa et al. (2005b) , respectively. The PCR conditions were: pre-heating at 95 u C for 9 min; 35 cycles of denaturing at 95 u C for 1 min; annealing at 55 u C for 1 min and extension at 72 u C for 1 min, and a final extension at 72 u C for 7 min. The ITS region was amplified and sequenced as described by Willems et al. (2001a) . The sequences obtained were compared with those from GenBank using the BLASTN program (Altschul et al., 1990) . Sequences of the isolates obtained from Pachyrhizus and related bacteria were aligned using CLUSTAL W software (Thompson et al., 1997) . The distances were calculated according to Kimura's two-parameter method (Kimura, 1980) . Phylogenetic trees were inferred using the neighbour-joining (NJ; Saitou & Nei, 1987) , maximum-parsimony (MP; Felsenstein, 1983 ) and maximum-likelihood (ML; Yang, 1997) methods. The MEGA2 (Kumar et al., 2001) and BIOEDIT packages were used for these analyses, respectively. Bootstrap analysis was based on 1000 resamplings.
Although the 16S rRNA gene sequences of strains PAC48 T and PAC68
T have already been reported (Rodríguez-Navarro et al., 2004) , they were reanalysed as a novel species and several genospecies of the genus Bradyrhizobium have been described since 2004 (Vinuesa et al., 2005a) . The 16S rRNA gene sequences of the newly isolated strains PAC51 and PAC568 were identical to that of strain PAC48
T and those of the new strains PAC683 and PAC684 were identical to that of strain PAC68
T , therefore only the designated type strains were included in the phylogenetic tree based on 16S rRNA gene sequences. The NJ tree generated after 16S rRNA gene sequence analysis is shown in Fig. 1 . Similar results were obtained when the sequences were analysed using MP and ML methods (data not shown). The results of the phylogenetic analysis showed that the strains isolated from Pachyrhizus occupied two independent branches clustering with B. elkanii. Vinuesa et al., 2005a, b) , we analysed these phylogenetic markers in the strains isolated from Pachyrhizus.
Comparisons of the 16S-23S rRNA intergenic spacer (ITS) provide a fast tool to assess the relationships between closely related species of the genus Bradyrhizobium that commonly present similarities lower than 95.5 % (Willems et al., 2001a (Willems et al., , 2003 Rivas et al., 2004) . In a previous study, we showed that strains PAC48
T and PAC68 T occupied two separate branches within the genus Bradyrhizobium with B. elkanii as their closest relative (Rodríguez-Navarro et al., 2004) . Similar results were obtained in this study when the sequences were analysed using NJ, MP and ML methods (the NJ tree is shown in Supplementary Fig. S1 available in IJSEM Online). In agreement with the 16S rRNA gene sequence analysis, the strains isolated from Pachyrhizus formed two different ITS groups with internal similarities of at least 99.5 %. In both cases, the closest related species was B. elkanii, with type strain LMG 6134
T showing 92.5 % similarity (ungapped) with respect to strain PAC48 T and Fig. 1 . Neighbour-joining phylogenetic tree based on nearly complete 16S rRNA gene sequences of Bradyrhizobium pachyrhizi sp. nov. PAC48 T and Bradyrhizobium jicamae sp. nov. PAC68
T and closely related species within the genus Bradyrhizobium. The significance of each branch is indicated by a bootstrap value calculated for 1000 subsets. Bar, 1 nt substitution per 100 nt.
90.1 % similarity with strain PAC68 T (see Supplementary  Table S1 available in IJSEM Online). Strains PAC48
T and PAC68
T showed 93.8 % similarity. These values are lower than those found within strains of B. elkanii (these were generally higher than 98 %), indicating that the isolates from Pachyrhizus probably do not belong to this species. ITS sequence similarity values are commonly lower than 90 % among species of the genus Bradyrhizobium, nevertheless some of them have shown high similarity values, for example Bradyrhizobium canariense BTA-1 T and Bradyrhizobium japonicum LMG 6138 T (95.8 %). Therefore, with similarity values lower than 94 % between them and with respect to B. elkanii, the two groups of new strains examined in this study may belong to two separate novel species of the genus Bradyrhizobium. One species comprised strains PAC48 T , PAC51 and PAC568, for which the name Bradyrhizobium pachyrhizi sp. nov. is proposed. The second novel species, for which the name Bradyrhizobium jicamae sp. nov. is proposed, comprised strains PAC68
T , PAC683 and PAC684.
In addition to the ITS region, several other phylogenetic markers have been proposed for species and genospecies descriptions within the genus Bradyrhizobium (Vinuesa et al., 2005a) . In this study, we obtained partial sequences of the atpD and glnII genes from the Pachyrhizus isolates and from B. elkanii LMG 6135, included in DNA-DNA hybridization experiments. The results of the phylogenetic analysis of the concatenated glnII and atpD gene sequences were similar after NJ, MP and ML analysis (the NJ tree is shown in Supplementary Fig. S2 ). To perform DNA-DNA hybridization, two strains were selected from each group that showed different RAPD patterns. RAPD analysis was performed according to Rivas et al. (2006) using the primer M13 (59-GAGGGTGGCGGTTCT-39). The results of this analysis are shown in Supplementary Fig. S3 . The RAPD analysis revealed that the strains of B. pachyrhizi sp. nov. and B. jicamae sp. nov., as well as both B. elkanii strains included in the hybridization experiments, were genetically different.
DNA-DNA hybridization experiments were performed by using the method of Ezaki et al. (1989) , following the recommendations of Willems et al. (2001b) . Strains PAC48 T , PAC51, PAC68 T and PAC683 were hybridized with B. elkanii strains LMG 6134 T and LMG 6135 (see Supplementary Table S2 in IJSEM Online). As expected, the internal DNA-DNA relatedness was higher than 80 % in the three species included in the analysis. The mean values found between B. pachyrhizi sp. nov. strains PAC48 T and PAC51 and B. elkanii LMG 6134
T were 46 and 56 %, respectively. These values were 25 % and 23 %, respectively, for B. jicamae sp. nov. strains PAC68
T and PAC683 with respect to B. elkanii LMG 6134
T . DNA-DNA relatedness values ranging from 21 to 26 % were found between B. pachyrhizi sp. nov. and B. jicamae sp. nov. All these values are lower than the threshold value of 70 % DNA-DNA relatedness that is generally accepted as the threshold for the definition of a species (Wayne et al., 1987) .
DNA for the analysis of DNA base composition was prepared according to Chun & Goodfellow (1995) . The G+C content of DNA was determined using the thermal denaturation method (Mandel & Marmur, 1968) . The DNA G+C contents for strains PAC48
T and PAC68 T were 63.5 mol% and 64.1 mol%, respectively. Phenotypic characterization was based on characteristics that have previously been found to be useful for Bradyrhizobium species differentiation (Xu et al., 1995; Velázquez et al., 2001; Yao et al., 2002; Rivas et al., 2004; Vinuesa et al., 2005a) . API 20NE galleries were inoculated according to the manufacturer's instructions. Carbon source assimilation was analysed using a basal medium as described by Bergersen (1961) without a carbon source. Assimilation of amino acids as carbon and nitrogen source was analysed in the same medium without carbon and nitrogen sources. The growth temperature range was determined by incubating cultures in YMA medium supplemented with 1 g yeast extract l 21 (Vincent, 1970 ) at between 4 and 45 u C. The pH range for growth was determined in the same medium with final pH values from 4.0 to 10.0. Salt tolerance was tested in the same medium containing 0-5 % (w/v) NaCl. Natural antibiotic resistance was tested in yeast mannitol broth (YMB) medium (Vincent, 1970) T and LMG 6135) were included in the phenotypic study as reference strains. The phenotypic characteristics of the two novel species are reported below in the species descriptions and the differences between them and the other recognized species of the genus Bradyrhizobium are presented in Table 1 .
Although symbiotic genes do not offer taxonomic information because they are located in easily interchangeable elements (plasmids or in symbiotic islands), analysis of them can provide valuable information for rhizobial species, especially their host range, which is an important characteristic for these bacteria. For this reason, some of the nod and nif genes are commonly analysed for the description of novel rhizobial species. The nodD and nifH genes harboured by strains PAC48
T and PAC68 T were amplified and sequenced as described previously (Rivas et al., 2002) and the results of the phylogenetic analyses are shown in Supplementary Figs S4 and S5. For the nifH gene ( Supplementary Fig. S5 in IJSEM Online), the closest relatives to strain PAC48 T were strain ANU289 nodulating Parasponia and B. elkanii USDA 76
T nodulating Glycine max, with 96.3 % and 94.4 % sequence similarity, respectively. Strain PAC68 T was closely related to a strain of B. elkanii CCBAU 0506 isolated from Vicia in China with 92.6 % gene sequence similarity. When the nodD genes were considered, strain PAC48 T showed very low similarity values with respect to other rhizobial strains. The nodD gene of strain PAC48
T showed 72.8 % sequence similarity with respect to that of PAC68 T and 73 % with respect to the nodD1 gene of Bradyrhizobium sp. NC92 nodulating Arachis (see Supplementary Fig. S4 ). The nodD gene of strain PAC68
T had 80.7 % sequence similarity with the nodD1 gene of the same strain. These results confirmed that strains PAC48
T and PAC68 T did not belong to the same phylogenetic group as B. elkanii USDA 76 T whose nodD gene was phylogenetically very divergent to those of the type strains of B. pachyrhizi sp. nov. and B. jicamae sp. nov. The high phylogenetic distance found between the nodD genes of the isolates from Pachyrhizus and those of B. elkanii strains nodulating soybean may be related to the differences found in the host range, since strains PAC48 T and PAC68 T were unable to nodulate soybean (Glycine max) (Rodríguez-Navarro et al., 2004) . Phylogenetic divergence of the nodD genes and differences in host range were also found between B. pachyrhizi sp. nov. and B. jicamae sp. nov. since Lespedeza was nodulated only by strain PAC68
T .
Based on the phenotypic and genotypic characteristics, we propose that strains PAC48 T , PAC51 and PAC568 represent a novel species, Bradyrhizobium pachyrhizi sp. nov. Strains PAC68 T , PAC683 and PAC684 represent a separate novel species for which the name Bradyrhizobium jicamae sp. nov. is proposed.
Description of Bradyrhizobium pachyrhizi sp. nov.
Bradyrhizobium pachyrhizi (pa.chy.rhi9zi. N.L. masc. n. Pachyrhizus botanical name of a genus of legume; N.L. gen. n. pachyrhizi of Pachyrhizus, referring to the isolation source of the first strains, nodules of Pachyrhizus erosus).
Gram-negative rods as characteristic for the other species of the genus. Colonies are small and pearl white in YMA at 28 u C. Grows from pH 4.5 to 8, with optimum growth at pH 7. Growth occurs at temperatures from 5 to 37 u C, with optimum growth at 28 uC. Does not grow in the presence of 1 % NaCl. Strictly aerobic. Nitrate reduction is positive. Production of arginine dihydrolase and b-galactosidase is negative. Aesculin hydrolysis is weak. Urease production is variable. Positive in tests for assimilation of glucose, Larabinose, L-rhamnose, L-sorbose, mannitol, pyruvate, lactate, succinate, gluconate and adipate as the carbon source. Assimilation of trehalose is weak. The assimilation of melezitose, maltose and L-malate is variable. Assimilation of mannose, N-acetylglucosamine, cellobiose, caprate, citrate and phenylacetate is negative. Assimilation of L-glycine as nitrogen source is variable. Assimilation of L-proline as nitrogen source is positive. Acid production from fructose and D-xylose is positive. Acid production from L-rhamnose, L-sorbose and lactose is negative. Alkali production from L-sorbose, mannitol and L-rhamnose is negative. All strains are resistant to tetracycline, cefuroxime, polymyxin B, penicillin, ciprofloxacin and erythromycin. All strains are sensitive to kanamycin, neomycin and gentamicin. Resistance to cloxacillin and ampicillin are variable. Strains nodulate Pachyrhizus but not Lespedeza sp. or Glycine max.
The type strain, PAC48
T (5LMG 24246 T 5CECT 7396 T ), was isolated from effective nodules of Pachyrhizus erosus in Costa Rica. The DNA G+C content of the type strain is 63.5 mol%.
Description of Bradyrhizobium jicamae sp. nov.
Bradyrhizobium jicamae (ji.ca9mae. N.L. gen. n. jicamae of the jicama, native American name for the legume Pachyrhizus).
Gram-negative rods as characteristic for the other species of the genus. Colonies are small and pearl white in YMA at 28 u C. Grows from pH 6 to 8, with optimum growth at pH 7. Grows at temperatures from 5 to 32 u C, with optimum growth at 28 u C. Grows in the presence of 1 % NaCl. Strictly aerobic. Nitrate reduction is positive. Production of arginine dihydrolase and b-galactosidase and hydrolysis of aesculin are negative. Urease production is variable. Assimilation of glucose, L-arabinose, L-sorbose, melezitose, gluconate and adipate is positive. Assimilation of L-malate is positive or weak. Assimilation of mannitol, mannose, L-rhamnose, N-acetylglucosamine, maltose, cellobiose, trehalose, pyruvate, lactate, succinate, caprate, citrate and phenylacetate is negative. Assimilation of Lglycine as nitrogen source is negative. Assimilation of Lproline as nitrogen source is variable. Acid production from fructose is positive. Acid production from Lrhamnose, D-xylose, L-sorbose and lactose is negative. Alkali production from L-sorbose is negative. All strains are sensitive to kanamycin, tetracycline, cefuroxime, polymyxin B, ciprofloxacin, erythromycin, neomycin and gentamicin. Resistance to penicillin, cloxacillin and ampicillin is variable. Strains nodulate Pachyrhizus and Lespedeza sp. but not Glycine max.
The type strain, PAC68
T (5LMG 24556 T 5CECT 7395 T ), was isolated from effective nodules of Pachyrhizus erosus in Honduras. The DNA G+C content of the type strain is 64.1 mol%.
